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ABSTRACT

(,;

rtt

An experimental investigation was conducted to evaluate the accuracy and sensitivity of a laser holographic
interferometer.

Interference fringe patterns of a free

convection boundary layer on the surface of a vertical
test plate were produced.

The plate was heated and de-

signed to produce a linear

temp~rature

distribution along

its surface.
A thermocouple probe wa.s used to map the temperatures
in the boundary layer and these values were compared to
termperatures obtained from fr .i nge patterns.

Data photo-

graphs of the holograms were used in the analysis.

The

number of fringes obtained were compared to predictions of
the Gladstone-Dale Law.
High quality fringe patterns were obtained and the
results indicate that the thermocouple measuring device was
less accurate in general, although there was agreement in
the comparative results.

The thermocouple readings were

unsteady at positions near the plate surface making accurate
readings impossible.

The holographic technique was demon-

strated to be more accurate than the thermocouple device
used for the cGmparison and yielded results which agree with
interference theory.
In conclusion, the laser holographic interoferometer
is potentially an extremely accurate device and is capable
of measuring gas temperatures in complex systems.
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I.

INTRODUCTION

The use of optical interferometric systems to observe
and evaluate certain fluid properties is not a recent
innovation.

For decades textbooks on heat transfer and fluid

flow have used pictures of interferograms for the purpose
of illustrating temperature and density gradients.

However,

these interferograms have been used primarily for illustrating purposes and not widely used for quantitative temperature
or density measurements.

This is illustrated by a brief

review of the characteristics and limitations of the interferometric systems.

The following information may be found

in reference [1] .. *
The Mach-Zehnder Interferometer:
"The field of optical temperature measurement
has thus far been dominated by the Mach-Zehnder
interferometer.
The fringes obtained from the
Mach-Zehnder are very distinct, but the instrument
does have its limitations. This instrument is
extremely expensive, requires precision alignment,
an essentially dust-free environment, and optically
perfect windows in the test section; all of these
are limitations on the use of this instrument."
The Modified Schlieren System:

*

"With this system, the same information can
be obtained as is obtained with the Mach-Zehnder,
at considerably less expense.
This system still
has a number of undesirable traits, however.
The
lenses and mirrors must be of highest optical
quality and kept in essentially a dust-free
environment. The test section must also have
optically perfect windows reducing the use of the
instrument of increasing the expense of the experiment. Another problem in the use of this system
Bracketed numbers refer to references cited in the bibli-

ography.
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is the precision alignment of the knife edge
and absorptive material that is necessary in
order to effect the appearance of the fringe
system."
Perhaps this may best be summarized as stated by
Shapiro !2], " ••• the accuracy of this procedure using the
infinite-fringe interferogram [quantitative measurement
using the Mach-Zehnder] is not high unless the optical
components are extraordinarily accurate ....
Another type of interferometric system that promises
to greatly extend the field of usefulness for interferometry
is the laser holographic interferometer.

This system is

potentially a very useful device for the remote detection
of mass and temperature gradients.

The feasibility of this

scheme has been noted and its advantages are known.

In fact,

none of the above mentioned limitations apply to this system.
The purpose of this experimental investigation was to
conduct a detailed - study of the sensitivity and accuracy
of this device and determine its feasibility for use as a
tool . in quantitative temperature measurement.

The system

was used to measure the temperatures in a free convection
boundary layer in air, on the surface of a heated vertical
flat plate.

The plate was designed to provide a linear

temperature distribution in the vertical direction in each
of several heat ranges.
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II.

REVIEW OF LITERATURE

The underlying theory and basic principles of
optics apply to all interferometric systems.

It is gener-

ally accepted that a density gradient produces a change in
the refractive index of the medium, which results in the
formation of a fringe pattern.

A given fringe is then

considered to represent a line of constant density.

For

a perfect gas at moderature temperatures and pressures, a
fringe is a line of constant temperature.

The following

literature review is presented to demonstrate that a
given fringe does indeed represent a line of constant
temperature in the laser holographic interferometer.
A.

The Gladstone-Dale Law
When a substance is compressed or its temperature

varied, its density changes, and this is accompanied by a
corresponding change in its refractive index.

Gladstone

and Dale found that these two quantities were related by
the equation*

n-1
p

= constant

* A list of all symbols used may be found on page v

(1)
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which indicates that a change in density is directly proportional to a change in refractive index.

The physical

interpretation of this law follows if we consider that the
refracting substance consists of refracting molecules of
constant refractive index distributed throughout the
medium.

The quantity n-1 represents the excess of the

refraction or path retardation due to the presence of the
molecules, and will be proportional to their number per
unit volume, i.e., to the density of the medium [3].
From another point of view, work is done on a photon
of light by the medium through which it passes.

This work

manifests itself as a decrease in velocity and a change in
direction of the path of the photon.

Therefore, these

changes are proportional to the number of molecules with
which i t comes into contact, or proportional to the number
of molecules per unit volume, i.e., the density of the
medium.
B.

~he

Lorenz-Lorentz Law

The following statement may be found in reference
[ 3] •

"Lorenz and Lorentz have deduced theoretically the formula
1 = constant

and later Planck derived the same formula from
a different theory.
This formula has been found
by various observers to agree well with experimental results for liquids and gases for wide

(2)
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variations of pressure and temperature, and
has been found to hold for many substances
through the liquid i.nto the gaseous state."
This expression may be factored and rewritten as
n-1

n+l
n 2 +2

p

=

constant.

"Now for a gas the refractive index does not
differ widely from unity, so that the second
factor is almost constant.
Hence, for a gas
one has
n-1
p

=

constant,

which is the law of Gladstone and Dale." [4]
This then implies that the Gladstone-Dale Law is a
special case (for gases) of the more _ general Lorenz-Lorentz
Law.
The quantity

has been termed the

11

Specific refraction" and the product of

this and the molecular weight of a substance is known as the
"molecular refraction" or "molar refraction."
Avogadro's number, one has
N

=

No p
~

or

M
p

=

No

N

If N0

is

6

which

s~ggests

that in a mixture of substances which do not

interact, the molar refractions are additive, a result which
has been confirmed experimentally.
In summary, the Gladstone-Dale Law has been shown to be
applicable for a gas or a mixture of _ gases and the

Lorenz~

Lorentz Law for a substance or a mixture of substances in
each of several phases.
In addition, the Lorenz-Lorentz Law is also applicable
[with minor modifications] to certain substances which have
reacted chemically.

A detailed discussion of this material

may be found in references [3] and [4].
A change in the density of air may be related to a
change in temperature as follows:

Air may be considered

an ideal _ gas at moderate temperatures and pressures and
hence its equation of state may be written as

P

=

T

or

pRT

=

p

R

•

1
p

(3)

It then follows that for constant pressure conditions,

(~np
or

(aT)

=

=

-

:G

:(~2)
2 )

(aP>.

For very small changes in density, this expression may be
written as
(llT}

= ·-

(~) (llp)

p
R p2
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or,

(b.T)

A small

cha~ge

RT 2

=

(4)

1 ? (Apl

in temperature is thus directly proportional

to a change in density and to the square of the local
absolute temperature.

From Equation (1),
dn

= Kdp

where K has been set equal to the constant in the equation
and is called the Gladstone-Dale constant.

Again, for very

small changes in density this expression may be written as
(5)

(Llp)

Substituting this into Equation (41 yields
(l1T)

RT 2
= - -KP

(ful)

(6)

Therefore, a small change in temperature is shown to be
directly proportional to a change in refractive index and to
the square of the local absolute temperature.

c.

Theory of Light Refraction
When a beam of light is passed through a medium, the

l~ght

beam is reduced in speed and its direction is changed.

Consider a ray of monochromatic light which is passing
thro~gh

a . gas.

wavele~gth,

The expression which relates the frequency,

and speed of the ray is

VA =

C

=

Co
n

(7)
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For a monochromatic light ray, the frequency remains constant
and the wavele~gth of the light ray in the gas will be given
by
A.

= St_
nv

( 8)

and is a function of the refractive index of the gas.

The

wavelength is then dependent upon the density of the gas at
the location of the light ray.

If parallel monochromatic

light rays are allowed to enter a gaseous test section in
phase (coherent), they will leave the test section out of
phase if a density distribution exists in the test section.
The phase shift of a given ray leaving the test section will
vary directly with the average density along the light ray
in the test section relative to the density of the air in
the room outside of the test section.
The

l~ght

beam will also be deflected in general.

Let

us assume that the density varies only in the x-y plane, and
that the light rays pass through the test section in the z
direction.

Since the speed of a wave front of light varies

inversely with the index of refraction n of the gas through
which it passes as given by equation (7), it follows that
a given wave front will rotate as it passes through a
gradient in n.

Accordingly, the normal to the wave front

will follow a curved path; since this normal is what is meant
by a ray, a ray is deflected as it passes through the density
gradient.
shown that

Because n is nearly unity for gases, i t may be

9

1

R

= gradient n

where R is the radius of curvature of the light ray [2].
The total angular deflection E of the ray in passing through
the test section of length L is therefore given by
E

= LR

=

L gradient n

( 9}

The above knowledge of the nature of light refraction
will enable one to predict the density change between two
dark (or __ light) fringes produced by the interferometer.
Consider two parallel, monochromatic and coherent light
rays, a and b, which enter the test section as illustrated
in Figure 1.

Assume that the density of the air varies

only in the x direction as shown and is a result of the
presence of the heated plate.

The two rays of light will

be deflected, as shown greatly exaggerated in the figure,
and will experience a relative phase shift when traversing
the test section.
Deflection:
From equation (9} the angle of deflection of the light
rays will be
L
=
Ea = R
a

L

gradient n a

L
Eb = Rb =

L

gradient nb
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Photographic plate

Disturbed paths

f
D

Heated
plate
L
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.Light rays

Test section
a

b

P

a

Figure 1.

b

=

P (x)

X

Top View of Test Section
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Since the density varies only in the x direction, these
equations may be written as

(10)

KL (dp)

dx b

with the aid of equation {5).
Phase Shift:
From equation (8) the wavelength of each ray in the test
section will be

Aa = c~
nav
Ab

where "a

>. \b.

=

Co
nbv

wavele~gths

The number of

required to

traverse the length of the test section L for each ray will
be
L

N
a

= r
a

Nb

=

L

~

where L is appropriate for both rays because the deflection
is very small for a gas.

The relative phase shift of the

two rays when leaving the test section is therefore
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Substituting for Na and Nb gives
t~-.
'+'rel

=

21TL (!_ - !_)
i\
i\
a
b

=

21TLV(
)
--c-onb-na
21TL

= x-;;- (nb -n a)
Combining this with equation (5) gives
{11)

Successive fringes will result on the photographic
plate when the relative phase shifts at the photographic
plate are exact multiples of 21T.

This is equivalent to

total path length differences for rays a and b that are exact
multiples of one room air wavelength and may be written
mathematically with the aid of Figure 1 as follows:
D [ COSEa
1 .

1
COSEb

J+ mi\room

cos¢rel

=

mi\

room

where m = 1, 2, 3,
Substituting from equations {10) and {11) and rearranging
gives
{12)

Hence, the spacing between two fringes depends upon the values
of the densities and the value of the density gradients at the
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points where the rays pass
However, an order of

thro~gh

m~gnitude

the test section.

comparison of both sides of

equation (l2) will prove beneficial.

Both terms on the

left side are on the order of unity, and

.A

room

'V

10- 6

The bracketed terms on the right side may be written as

where

L

Let

'V

1

Jl

=

f;Jl

=

KL(: )b "'10(KL:t-(KL:)b qo3

4

so that these terms may be closely approximated by
COSll - cos (lJ M l.1 )
cos l.1 cos {jJ +~l.l)
or

COSlJCOS

2

COSlJCOS(~p)

lJCOS(~~)

+

sin~sin(~u)

- COSlJSinlJSin (~lJ)

14

Replacing each cosine and sine function by the first several
terms of its respective taylor series expansion and the
appropriate magni.tude of its a:rgument and multiplying the
entire quantity by 0
~10 5 will result in a value for the
A.room
r~ght side of equation (12) which is several orders of
magnitude smaller than unity.
neglected.

Thus, the term may be

Having shown that the term involving the density

_ gradients is of negligible

relative to the other

m~gnitude

terms, equation {12) may be rewritten as
cos [2nLK (p -p } ]
Ao

so that

b

2 nLK (
A. 0
Pb -p a }

a

=

1

= 2nm, m = 0, 1, 2, 3, • • • (13a)

where the value of m is equal to the number of fringes being
considered.

This implies that the change in density between

any two fringes is equal to a constant:
b.p -~
LK

(13b)

It should be noted that the displacement of light rays
a and bon the photographic plat~ as _ given by da and db in
Figure l,will be nearly zero and the rays will be approximately
colinear with their undisturbed paths.

This is a direct

consequence of the negligible effect of the density gradient
as discussed above.
In order to obtain a fringe spacing that will be convenient for viewing, the value of L must be adjusted to be
compatible with the density gradient.

This adjustment in L
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will be opposite of a change in dens£ty _ grad£ent, i.e., a
larger average gradient will requ£re a smaller value of L
to maintain a similar

fri~ge

spacing.

This will tend to

provide a self-compensating effect as may be seen in the
right hand side of equation (12) and will not appreciably
affect the accuracy of the fringe system.
Large values of D, however, tend to decrease the
accuracy of the system as may be seen from equation (12).
Therefore, the photographic plate should be kept as close
as possible to the end of the test section for _ greatest
accuracy.
Equation (13a) implies that the density cannot vary
on a given fringe.

Since a change in the temperature of the

air requires a change in

density~s .

given by equation (4)),

the temperature likewise cannot vary on a_ given fringe.
Consequently, a _ given

fri~ge

is a line of constant temperature

and constant density.
It may be concluded from equation (13b) that the change
in density between any two successive fringes is equal to
a constant, whereas the change in temperature between any two
successive fringes is not constant but depends on the local
absolute temperature.

If the temperature on any fringe is

known, the temperature at any other fringe may be determined
as follows:
Let i

represent a particular fringe

i+l represent the first fringe removed
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i+2 represent the second fringe removed

i+m represent the roth fringe removed
p

P. = RT.
1.
1.
(6 p)

"-o = constant
= LK

pi+l

= p.1. +

pi+2

= pi+l + (ll p) = p.1. + 2 (6p)

pi+3

= pi+2 +

Pi+m

=

p.

1.

( L1 p)

+

m

(ll p)

= p.J.. + 3

(~p)

(~p)

p

Therefore,

Ti+m

= Rpi+m

Alternately, if the temperatures on any two successive fringes
are known, the density change between fringes may be determined from equation (4):
(llp)

=

p

(6T}

RT.2
1.

D.

=

p

----(T.-T.+l}
= constant.
1
RT.2

1.

1.

Laser Holographic Interferometer
A brief discussion of the principle of operation of the

holographic interferometer will serve to illustrate the
mechanics of the system.
A hologram is made as follows.
because of the necessary requirement

A Laser light is used
that the light source
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provide a monochromatic and coherent beam of light.

This

single beam of light is then split into two components, one
of which is directed toward the object or scene (object
beam) and the other is directed to a suitable recording
medium (reference beam), usually a photographic emulsion.
The component beam that is directed to the object is
scattered, or diffracted, by the object.

This scattered

wave constitutes the object wave, which is now allowed to
fall on the recording medium.

Since the object and reference

waves are mutually coherent, they will form an interference
pattern when they meet at the recording medium.

This inter-

ference pattern is a complex system of fringes; spatial
variations of irradiance which are recorded in detail on
the photographic emulsion.

This fringe pattern (also called

a diffraction grating) is microscopic in nature and the
microscopic details of the interference pattern are unique
to the object wave, i.e., different objects will produce
different interference patterns.

This record is now called

the hologram of the object and when it is illuminated with
a single beam of light similar to the original reference
wave, the hologram diffracts the light in such a way as to
reconstruct the object wave.
construction.
an

This process is called re-

The basic idea is that holography itself is

in~erferometric

process with fringes that are micro-

scopic in size (5].
The

techn~ que

exposure technique.

used in this investigation was a double
The

~ystem

was at rest during the first

18

exposure and was dis .t ·urbed for the second exposure.

The

phot.o graphic plate was not moved between exposures.

In

effect, two holograms were made and superimposed on the
same emulsion, recording the disturbance occuring between
exposures.

For this reason, holographic interferometry

has been called differential interferometry; detecting
only changes in an object or system.
The changes that occur between exposures are visible as
a system of fringes.

These fringes are not microscopic,

but visible to the eye.

The formation of these fringes

may be interpreted as a spatial beat frequency.

Each

hologram consists of a single spatial frequency exposed onto
the

recordi~g

medium.

The second spatial frequency is a

little different than the first.

The composite hologram

thus consists of a fringe pattern which
washed out and reinforced.

is ~ periodically

Dark bands, representing the

spatial beats, are observable in the regions where the grating
pattern was washed out by path differences of an odd number
of half wavelengths [5].
There are enormous advantages associated with this
system as compared to other systems.

Since only changes are

recorded, high quality optics are not required.

Dust

particles are not bothersome and the three-dimensional aspect
of the system provides much greater utility than other
systems.

These are but a few of the advantages and the

reader is directed to reference [1] for a detailed comparison
of interferometric systems.

19

III.

EXPERIMENTAL APPARATUS

The experimental apparatus used consisted of the test
section, the table, the laser

l~ght

source, and the optical

components.
A.

The Test Section
A photograph of the test section may be seen in Figure 2.

The primary components of the test section were the heated
test plate, the plate support structure, and the box-like
enclosure surrounding the test plate.
1.

The Plate.

The test plate was designed to provide a linear temperature distribution from the bottom to the top of the test
plate.

The top of the plate was cooled and the bottom of

the plate was heated to provide this effect.

Aluminum was

chosen for the plate material because of its high thermal
conductivity.

The heat convected away from the plate surface

was negligible when compared to the heat conducted through
the aluminum plate itself; thus a linear temperature distribution resulted.

This may be shown by calculations from

theory and was verified experimentally.
The plate was made from a 5/8 inch thick slab of a
commercial _ grade of aluminum alloy which was cut to a length
and width of 12 inches and 5-5/8 inches, respectively.
Nine thermocouples were installed in the test plate at
selected locations for measuring the plate temperature.
Type "T" copper vs. copper-nickel thermocouples were used.

20
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Figure 2.
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Test Plate
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The millivolts generated were measured with a Leeds and
Northrup potentiometer with an ice bath reference junction.
A detailed illustration of the test plate is shown in Figure
3.

The plate heater was made by winding twelve feet of
nichrome resistance wire with 5.6 ohms per linear foot
around a length of l/4 inch aluminum oxide ceramic tubing.
The winding was then wrapped with high temperature insulating tape and the assembly inserted into a passage drilled
into the plate.
input.

A voltage control was used to vary the heat

Water flowed through the passage in the top of the

plate to provide the cooling effect.
2.

The Plate Support.

The plate support was designed to rigidly support the
test plate while thermally insulating the sides and back
of the plate.

The support base consisted of a length of

three inch structural angle which was welded to a 3/16
inch thick steel plate.

This plate was bolted to bake-

lite blocks which were in turn fastened to the back of
the test plate with machine screws.

This provided a high

degree of rigidity with a small amount of heat loss by
conduction to the support.
The plate sides and back were insulated by constructing
a wooden frame around the plate and filling the space
between with Dow Corning silicone rubber.

Silicone rubber

was used because of its heat withstanding ability and its
good

insulati~g

qualities.

The plate was covered with
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approximately one inch of silicone rubber on the back and
2-1/2 inches on the sides.

The front surface of the silicone

rubber was exactly flush with the front plate surface as
shown in Figure 2.
Since holography is a three dimensional recording
process, some means of locating a point in

space ~ was

re-

quired in order to analyze the resulting fringe patterns.
For this purpose five vertical threads were positioned at
1/8 inch increments- from the plate surface midway betwee.fr·
the front and the rear of the plate.

This provided a means

of determining distance along a normal to the plate surfac·e.
Vertical distance determination was made possible by the
placement of common straight pins along each end of the
plate.

These pins were anchored in the silicone rubber

insulation at the ends of the plate and were spaced at 1/2
inch intervals from the bottom to the top of the plate.
3.

The Enclosure.

The function of the enclosure was to shield the test
plate surface from possible disturbances due to room air
currents.

The sides were made of 1/4 inch plywood and the

ends were 1/4 inch plate glass.

The enclosure was 18 inches

long, 12 inches high, and 12 inches wide; and was supported
3/4 inch above the table surface to allow for air passage
thro~gh

the test section.

Op e side of the enclosure was used to support an array
of small brass tubes which were used as guides for a thermocouple temperature probe.

A thermocouple used to measure the
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room ambient temperature was also mounted on the enclosure.
The probe is visible in Figure 2.
B.

The Table
A photograph of the

t~ble

may be seen in Figure 4.

A vibration-free working surface is imperative for
producing high quality holographic fringe

pat~erns.

In

order to achieve this, a massive table was obtained.
table

~ sed

pounds.

The

was of steel construction and weighed 1,375

In order to reduce the effect of building structure

vibrations, the table was supported on a slab of 3/4 inch
thick plywood which was placed on four common 5.60-12
innertubes.

This served to effectively produce a vibration-

free table surface despite the fact that the entire experiment was conducted on the third (and top) floor of the
building.

c.

The Laser Light Source
The laser used is shown in Figure 4.

It was a Spectra-

Physics model 124 helium-neon gas laser (15 mw) which produces red light at a wavelength of 6328 angstroms.
D.

The Optical Components
Three optical components were used; a beam spreader,

a diffuser, and a photographic plate holder.
The beam spreader was simply a 100 power microscope
objective which was supported in a metal lens holder on a
steel base.
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Diffuser plate

Microscope
objective
and support

Test section

Laser light

Figure 4.

Layout of Apparatus
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The dLffuser was an

e~even

Lnch square slab of 1/4

Lnch plate glass which was sand blasted on one side and
mounted on two fLber blocks.

The diffuser was required in

order to provide a well-illuminated background to facilitate
the

viewi~g

The

of the fringes.

phot~graphic

plate holder was constructed of hard-

wood and designed to hold two 4 by 5 inch Agfa-Gevaert
phot~graphic

plates; one above the other.

This provided an

effective plate area of 4 by 10 inches which enabled complete
viewi~g

of the test area on one hologram.
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IV.

EXPERIMEN'rAL PROCEDURES

For thls experLmental

invest~gat£on

holograph£c technique was us:ed.

a double exposure

The fundamental mechanics of

thi s scheme have been discussed earlier in this thesis and
will not be repeated here.

However, a discussion of the

details of the procedures used and the reasons for using
them is considered by the author to be highly important, and
follows directly.
As indicated by Figure 4, a split beam arrangement was
not used in this investigation.
be discussed later.

The reasons for this will

The diffuser plate was used to create

the second (object) beam.

This device was introduced and

demonstrated by Leith and Upathieks in 1964 and provides a
method of diffusely illuminating the test section (or
object) enabling it to be viewed in its entirety with the
eye in one location [ 5 ].

The diffuser also provided a well-

lit background for viewing the fringe patterns.
Initially, the components of the entire system were set
up similar to that used by Thomson [ 1 ] in his investigation.
That is, the microscope objective was located close to the
table surface and the diffuser plate was centered in front
of the test section.

The diffuser was elevated sufficiently

to allow the reference beam to pass under the plate and strike
the entire photographic plate surface.
of the expanded

l~ght

In effect, a portion

beam was used as a reference beam and

the remaining light struck the diffuser plate, providing
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diffuse lighting which acted as the object beam.

Boundary

layer fringes were successfuLly produced with this arrangement in the present investigation.

However, several limit-

ations were discovered with this layout.

Difficulty was

encountered in attempting to sufficiently illuminate the
diffuser at heights above several inches from the lower
edge.

Another difficulty arose from the fact that the lower

diffuser edge was too high to effectively view the fringe
details at the lower extremities of the test plate.
Various other arrangements were experimented with in
attempts to alleviate these problems.

Optical beam-splitters

were used to create separate reference and object beams.
Several reference-object beam intensity ratios were tried
but inferior diffuser plate lighting resulted in every case.
A geometrical layout Of optical components which proved
to be quite successful (and similar to Thomson's) was that
of placing the microscope objective vertically mid-way
up the test plate and shifting the diffuser plate to one
side slightly.

Horizontal placement of the

objective ~ was

not critical provided the photographic plate could still be
completely illuminated by a reference beam.

The dashed

lines in Figure 6 indicate the minimum reference beam requirements.

Care had to be used only in assuring that a sufficient

amount of the diffuser plate extended beyond the test plate
surface to facilitate viewing of the boundary layer while
at the same time not cutting off the reference beam.
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Figure 5.

System in Operation

Heated plate
Enclosure
Diffuser

Laser
beam

microscope
objective

Figure 6.

Photographic
plate

Top View of Test Section Showing Light Path
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This layout provided a bright diffuser background
everywhere and enabled the viewer to observe the entire
boundary layer pattern.

The relative positioning of the

optical components was not critical provided the above
conditions were met.
Figure 5.

The system in operation is shown in

This photograph was made with a 30-second time

exposure in a smoke-filled atmosphere using ASA 32 film.
The overall layout of components is well illustrated in
both Figures 4 and 5.
In addition, the brightness of the

hologra~ ~

was

dependent upon the ratio of diffuse illumination to reference
beam illumination.

The microscope objective was merely

rotated to effect a change in this ratio.

It was found that

a low reference beam intensity gave the best results although
this necessitated longer exposure times.

Approximately

five seconds per exposure (10 seconds total) yielded the
optimum

hol~gram

quality.

The small angle between the object and reference beams
with this arrangement caused the virtual and the real
images to appear very close to one another on the finished
hologram.

The hologram appeared to have a mirror reflection

of the test plate on the opposite side of the microscope
objective.

This was actually the real image, and caused no

problem whatsoever in viewing the fringes.
Several of the first fringe patterns produced contained
fr~ges

that curved away from the boundary layer at approxi-

mately right angles.

Careful analysis of these fringes and

3.l .

further experimentation indicated that these were "stray"
fr~ges

and thus did not belong as part of the boundary layer.

They were due to very slight movemenmof the microscope
objecti..ve between the exposures and could in fact be produced with no heat disturbance in the· test section.

This

slight movement was the result of securing the microscope
objective in ordinary modeling clay.

High quality holograms

were produced using clay, but the fringe patterns were disturbed because of the creep properties of the clay material.
This situation was remedied by supporting the microscope
objective in the metal fixture shown in Figures 4 and 5.
It is of interest to note that other researchers have
encountered these stray fringes also.
pulsed laser

hol~graphic

Havener [6] in his

study encountered these stray fringes.

He speculated that these may have been oaused by a slight
optical phase difference in the laser pulse between exposures or slight movement of some component in the system.
The fringe patterns obtained by Thomson also appear to
contain stray fringes.

The uniform nature of stray fringes

closely match those in Thomson's results.

Although he

noted that his boundary layers were disturbed by extraneous
temperature sources, several of his photographs contain
fringes which are highly suspect and may not actually represent lines of constant temperature as was claimed.
In order to analyze the fringes produced, the temperature
field in the boundary layer was probed with a thermocouple
devj_ce.

The probe device consisted of a length of 1/16 inch
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brass tubing with the thermocouple mounted on one end.

This

tube was inserted into a larger brass tube which acted as a
guide allowing the thermocouple to be moved normal to the
plate surface.

Sufficient guide tubes were provided to

position the probe in 1/2 inch intervals vertically.

The

probe was located midway between the front and back of the
test plate and enabled a two dimensional temperature field
to be probed.
In order to determine if any error was created in the
probe temperature reading due to thermal radiation from the
plate, a highly polished stainless steel shield was carefully placed between the plate and the probe tip so as not
to disturb the boundary layer.

No temperature change was

detected with the highest plate temperature used and this
effect was considered to be negligible.

It was, however,

discovered that a large amount of error resulted due to
heat conduction along the thermocouple wires if they were
directed toward the plate in a perpendicular fashion.

This

error was rendered negligible by bending the thermocouple
wires into an L-shape so that the last 1/2 inch of the
thermocouple wires were parallel with the plate and horizontal.
The test procedure used was as follows:

With the

system ready for operation and at rest the laser beam was
intercepted with an opaque cover.

The photographic plates

were inserted into the holder and a reference exposure was
made.

The heater and coolant water valve were then turned
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on and adjusted to predetermined values.

Sufficient time

was then allowed for the system to reach steady-state operation (15-45 minutes).

The second exposure was made and the

photographic plates were developed.

The temperature field

was then probed while steady-state operation was maintained.
The Agfa-Gevaert photographic plates were developed in
Kodak Microdol developer for four minutes, followed by
30 seconds in Kodak Indicator stop bath, and fixed for
three minutes in Kodak Rapid fixer.
Reconstruction was achieved by directing the laser
beam through a 40 power microscope objective at the same
distance from the developed photographic plates as was
used to make the hologram.
a large

aver~ge

The 40 power objective provided

intensity of light over a small area for

photographic purposes.

The dependency on distance indicated

above may be eliminated by using a beam collimator for both
making the hologram and for its reconstruction.
The fringe patterns were photographed by blocking
off the reconstructed hologram where no fringes existed.
This helped to reduce glare.

Kodak Panatonic-X film (ASA-

32) was used with exposure time of 2-1/2 to 4 minutes depending on the light conditions.

All photographs were taken

with a Miranda Sensorex Camera using a telephoto lens plus
various lens extensions.

34

V.

RESULTS

The fringe pattern results are illustrated in photographs which were taken of the holograms.

Holography is a

three-dimensional recording process and this unique aspect
must be carefully considered when fringe pattern photographs
are taken.
When viewing a hologram one views the test object with
true three-dimensional spatial perspective, consequently,
the interference fringe patterns produced with this
technique are also three-dimensional.

The fringe patterns

appear to be suspended in space in front of the test plate
and

cha~ge

shape when being viewed from different positions.

With the eye in a fixed position the fringe pattern observed
is that of the true temperature disturbance along all light
rays which converge to the eye.

This fringe pattern is

unique to that particular eye position.
The photographs must be taken with an awareness of
this aspect.

The fringe pattern photographed is unique to

the camera lens position at the time the photograph was
taken.

When recording a two-dimensional boundary layer,

a number of photographs is required.

However, in the present

investigation it was found that the fringe pattern varied
little with a change in the viewing position.

It was found

that three photographs gave a reasonable portrayal of the
boundary layer.
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Figure 7 contains three phot~graphs of the same boundary
Observe that the outermost fr~ge in part (b) of

layer.

the figure appea·rs to contact the black thread on the far
left.

How.e ver, the same fri!lge does not contact this thread

in part (a) of the f~gure.

Consequently, error would have

resulted if the entire analysis was made of part (b) only.
In the same figure the five black threads are visible
as well as the straight pins in both the front and back of the
plate.

The pins in the foreground appear to be farther apart

and lo!lger than the pins in the background.
the same

le~gth

and spaced the same.

A scale was drawn on

the pictures to facilitate the analysis.
(c)

They are actually

Part (a) and part

of Figure 7 contain the top and bottom of the plate,

respectively.

The long scale marks represent the location

where the camera was positioned when the photographs were
made.

The portion of the total scale on each photograph

represents the portion of the photograph that was used in the
analysis.

The dashed line in part (b) is the vertical center

of the plate and also the location of the center row of
thermocouples.
The nature of the fringes is clear in Figure 7.

The

lines near the top of the plate peak and descend back to
the plate surface.

The linear plate temperature profile

results in the fringes ending at the plate surface.

The

temperature recorded in the boundary layer on a given fringe
was expected to correspond exactly to the temperature on the
plate surface where the fringe ends on the plate.

This was
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Figure 7.
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(b)
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(c)

Plate with 105° Maximum Temperature
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a

F£gure 8.

b

c

d

Close-up of Figure 7

e
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Figure 9.

Fringe Pattern Showing Stray Fringes
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generally true, but difficulty was encountered while attempting to obtain thermocouple readings near the plate surface.
They were unsteady and a rough average had to be taken.
Figure 8 is a close-up photograph of the same hologram as
Figure 7.

This photograph contains remarkably dista nct fringes

in the lower plate area and greater detail is provided.
All of the photographs in this thesis are shown in true
physical size and may be scaled directly with the exception
of the close-ups which vary in their magnification.

A line

was drawn on each photograph at the plate edge for better
definition.
Figure 9 is a photograph of a boundary layer when stray
fringes were present.

These fringes appear to be thermal

interference lines but were due to component movement between exposures.

The stray fringes appear to blend in with

boundary layer fringes.
Figure 10 is s wmilar to Figure 7 except that plate
temperatures were higher and the photographs were taken at
slightly different positions.

In this fringe pattern the

ambment air temperature surrounding the boundary layer is
represented by a dark fringe indicating that the room ambient
air t e mperature changed slightly between exposures.
Figure 11 is a detailed close-up of the same hologram
as Figure 10.

The black threads are visible but the straight

pins can scarcely be seen.

Therefore, the exact location of

this photograph was uncertain and it was not used in the
analysis.
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abc de
Cal
Figure 10.
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(b)

(c)

Plate with 148° Maximum Temperature
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Figure 11.

Close-up of Figure 10
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A photograph of a nearly isothermal plate boundary layer
is illustrated in Figure 12.

This figure was not used in

the analysis but is included to demonstrate that the
experimental temperature range is limited and is a function
of the plate length.
fine them completely.

Too many fringes are present to deThe close-up in part (a) does not

provide clear fringe distinction although a number of them
may be counted.

Two black lines are visible for plate edge

definition because the camera was not perfectly in line with
the plate surface when the picture was taken.

This further

demonstrates the three-dimensional aspect of this technique.
One line is the near edge and the other is the far edge of
the plate.

The coolant water was simply turned off for this

pologram.
Only Figures , ?, 8, and 10 were used for the analysis.
Tables 1 and 2 contain the data corresponding to these
figures.

The plate temperature readings for Figure 12 are

given in Table 3.
The thermocouple temperature readings for the plate were
averaged along each horizontal row and this average temperature was used for the vertical temperature profile of the
plate.

Of interest here is the fact that the average plate

temperature at the center was nearly the exact mean of the
average temperatures of the upper and lower rows of thermocouples.

This substantiates the linear temperature profile

assumption.
In the graphical analyses illustrated in Figures 13
thro~gh

16 the portion of the plate considered was only the
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(a}

Figure 12.

(b)

Isothermal Plate at Approximately 250°
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portion between the upper and lower rows of thermocouples
where the temperature distribution was linear.
The data points in Figures 13 and 14 were those of the
probe temperature readings taken in the boundary layer and
compared with the plate temperature profile.

The fringe

where each reading was taken was traced back to the plate
and plotted at that location.

The lack of sufficient probe

readings taken near the plate surface resulted in the poor
distribution of the data points.

The probe readings were

considered to be the cause of the error exhibited for reasons
mentioned earlier.

The data points farthest from the plate

temperature curve were those readings that were taken close
to the plate.

The probe thermocouple bead was small in

diameter but its cross-section overlapped many fringes near
the plate surface resulting in the loss of accuracy.
largest

errors ~ in

The

the data points were likely due to this

cause _although all of the points lie below the curve
slightly.
Earlier in this thesis an expression was derived
(equation (13b)) which enabled one to theoretically predict
the fringe spacing for a given system.

The results tabulated

in Table 4 lists the number of fringes predicted from theory
to those actually counted on the photographs.

The numbers

agree closely although the number predicted from theory is
slightly less in every case than those actually present.
This may have been due to the fact that plate "end effects"
were not considered in the theoretical approach.

In view
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TABLE 1
Data for

F~gure

7

CAll temperatures are in O:OF)
Boundary. Layer Probe Temperatures - ·
'I'.

- ~,a

T.~, b

T.~,c

T.1, d

T.1,e

T5 , ].

73.9

74.5

75.2

75.9

76.3

T4-l/2,j

73.7

74.3

75.7

76.5

77.4

T4 , J.

73.7

74.1

75.2

76.9

7& ;.. 3

T3-l/2,j

73.7

74.3

75.7

76.9

79.1

T3 , J.

73.7

74.1

74.7

76.9

79.1

T2-l/2,j

73.4

73.9

75.2

77.4

80.0

T2 , J.

73.4

73.7

75.2

76.3

80.0

Tl-l/2,j

73.2

73.4

73.9

75.7

80.5

Tl , J.

73.2

73.4

74.3

75.7

80.0

Tl/2,j

7 3. 2

73.4

73.7

75.2

79.1

Example:

= 73.9
Ambient temperature = 72.9
T2-l/2,b

Plate temperatures by thermocouple number (see Figure 3) .
#1

#2

#3

#4

#5

#6

#7

#8

#9

68.9

77.4

79.1

86.2

91.9

93.1

101.0

107.0

107.8

Average plate temperature along thermocouples 1,2,3

= 75.1

Average plate temperature along thermocouples 4,5,6

= 90.4

Aver~ge

plate temperature alo!lg thermocouples 7,8,9

= 105.3
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TABLE 2
Data for F;Lgure 10
(All temperatures are in OF)
Boundary Layer p·r obe· TemEeratu·r es
T ..

~,a

T.~, b

T.

l-,C

T.l-, d

T.

.
'J
T4-l/2,j

73.9

74.3

75.2

78.7

83.0

73.9

74.3

75.2

78.7

84.9

T4 ,J.

7 3. 9 .

74.3

75.7

78.7

87.0

T3-l/2,j

73.9

74.3

75.7

79.1

87.1

T3 ,J.

73.9

74.1

75.2

79.6

88.3

T2-l/2,j

73.9

74.3

75.7

78.7

90.5

T2 ,J.

73.9

74.1

74.7

77.4

89.7

Tl-l/2,j

74.1

74.3

74.7

78.7

89.7

Tl ,J.

74.1

74.3

74.7

76.9

89.7

Tl/2,j

73.9

74.3

74.7

76.1

84 Q,·

Ts

Example:

~,e

T3,d = 79.6

Ambient temperature = 73.7
Plate temperatures by thermocouple number (See Figure 3)
#1

#2

#3

#4

#5

#6

#7

#8

#9

80.9

85.5

85.0

110.1

120.5

119.3

143.9

150.8

149.5

Average plate temperature along thermocouple 1,2,3

= 83.8

Average plate temperature along thermocouple 4,5,6 = 116.6
Average plate temperature along thermocouple 7,8,9 = 148.1
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TABLE 3

Data for Figure 12
(All temperatures. are in °F}
Ambi.ent tempera.t ure = 72.7
Plate temperature by thermocouple number (See Figure 3)
#1

#2

#3

#4

#5

#6

#7

#8

#9

237.2

259.1

247.0

247.4

254.4

253.0

251.8

260.7

259.6
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TABLE 4
A Compari.son of the Number of

Fr~ges

Obtained to

That Predicted from Theory
The theoretical values were obtained from equation (13]::))
using:
K

=

no-1
Po

where

n0 =

= .00362

ft 3
Lbm

1.000292 ~ from

reference [3]
po = density at 0°C and 760 mmHg
Number of Fringes
Figures 7 and 8

Photograph

Theory

At 3/4" from bottom

8

7.30

At centerline

5

3.84

1.5

0.35

10

9.60

3

2.27

At 3/4n from top
Figure 10
At centerline
At 3/4" from top
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1.0

0

Data points from fringe
temperature measurements
traced to plate surface

0.8

Actual plate
temperature

0.6
TX -T oo
Tx=O
- T oo
0.4

0.2

0
X

H

Figure 13.

Plate Temperatures for Figure 7

so·

1.0

0 Data points from fringe
temperature measurements
traced to plate surface
0.8
Actual plate
temperature
0.6

TX -Too
Tx=O
- T oo

0.4

4i"

0~

0.2

0

I

I
I

I

I
I

0

0.2

0.4

0.6

0.8

1.0

X

H

Figure 14.

Plate Temperatures for Figure 10
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1.0

0
0

0.8

0

Plate surface fringe trace
Thermocouple probe

6

Fringe temperature from equations
( 13b}

&

(

3}

0.6

Ty -T
Tw -T

00

From boundary layer theory
(Thomson} [1]

00

0.4

[]

0.2

0
0

0.2

0

F~gure

15.

0.4

0.6

0.8

1.0

Boundary Layer Profile for Figure 7
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1.0

0

Plate surface fringe trace

0 Thermocouple probe

0
0.8

~ Fringe temperature from equations
( 13b)

&

( 3)

0.6

Ty -T
Tw-T

00

From boundary layer theory
(Thomson) [1]

00

0.4

Figure 16.

Cl

Boundary Bayer Profile for Figure 10
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of the near impossibility of achieving this result with any
other system, notably the Mach-Zehnder and the Modified
Schlieren, this is remarkable.
Figures 15 and 16 contain curves of the boundary layer
profile normal to the plate.

The smooth curve in each figure

represents boundary layer theory.

This expression was de-

rived by Thomson [1] and is reproduced here to be used as a
basis for comparison.

The data points represent the boundary

layer profile at the vertical center of the plate.
The circles represent

data ~ · points

which were obtained

by tracing the fringes from the plate surface (where the
temperatures were known) and measuring the fringe spacings.
The triangles represent data points which were obtained by
measuring the fringe spacings and calculating the temperatures from equations (13b) and (3).

The squares represent

data obtained with the thermocouple probe.
The large errors in the thermocouple probe data are
obvious.

The readings that were taken nearest the plate

yielded the largest errors.
vious observations.

This is consistant with pre-

The agreement between the fringe tracing

technique and the theoretical technique is good.

This data

indicates that either of these methods may be used to obtain
accurate information since their results agree closely with
boundary layer theory.
The photograph in Figure 17 is included to demonstrate
the utility of the system.

The obstruction to the boundary

layer is a strip of masonite; a poor thermal conductor.

The

54

Figure 17.

Shelf Obstruction
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masonite was supported by a small wire which is visible in .
the photograph.

The lines of constant temperature are

easily seen and several of them appear to end in the strip
itself.

The flow condition above the strip was not steady

and fringe definition was lost.

These fringes are "smeared"

over a wide area and represent the time average of the
fringe positions over a five second interval.
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VI.

CONCLUSIONS

The potential of this system has been demonstrated
in this investigation.

The graphical results illustrate the

close correlation of the fringe data to boundary layer
theory for a known temperature profile.
The thermocouple probe arrangement was not sufficiently
accurate for this investigation.

Therefore, a good compar-

ison of the probe data to the fringe data was not obtained,
although there was some agreement in the comparitive results.
The laser holographic system appears to be versatile
with no dependency on high quality optics.

Its accuracy,

therefore, is independent of these components.

The pre-

diction of fringe spacing is simple and accurate - a fact
established in this investigation.

No other system has

this capability without the highest quality optical components available plus extremely critical alignment of
these components.

In addition, the three-dimensional

capability of the system enables one to extract a large
amount of information from a single hologram.
Finally, the entire system can be set up to produce
useful data holographic fringe patterns in several hours.
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